Introduction
============

Combination therapy of an inhaled corticosteroid (ICS) with a long-acting β~2~-agonist (LABA) is widely used in the treatment of COPD[@b1-copd-12-1071] to reduce the risk of exacerbation and improve lung function and quality of life.[@b1-copd-12-1071]--[@b3-copd-12-1071] Indeed, for those patients at high risk of an exacerbation (≥2 exacerbations per year or ≥1 hospitalization for exacerbation per year), combined ICS/LABA therapy is a recommended treatment option (Global Initiative for Chronic Obstructive Lung Disease; GOLD).[@b1-copd-12-1071]

However, in long-term COPD studies, patients treated with an ICS had higher rates of pneumonia than those receiving placebo,[@b4-copd-12-1071],[@b5-copd-12-1071] raising concerns that ICS treatment may increase pneumonia risk. This risk may vary between different ICSs, with some evidence of a weaker observed association with pneumonia for budesonide than for fluticasone. One epidemiological study directly compared budesonide with non-ICS treatments in a Canadian, new-user COPD population.[@b6-copd-12-1071] In this nested case--control analysis of 163,514 COPD patients, ICS use (either alone or in a combination inhaler) was associated with a 69% increase in the risk of serious pneumonia (either requiring hospitalization or fatal), and this was higher with fluticasone (122% increase at 1,000 μg/d) than with budesonide (17% increase).[@b6-copd-12-1071] This finding was supported by a later study from the same group indicating a decrease in risk after discontinuation of ICS, including after discontinuation of budesonide.[@b7-copd-12-1071] Recently, a comprehensive study-level meta-analysis from Kew and Seniukovich[@b8-copd-12-1071] estimated the odds ratio for nonfatal pneumonia serious adverse events (SAEs) to be 1.62 for budesonide-containing compared to non-budesonide-containing treatment (95% confidence interval \[CI\]: 1.00--2.62).

In response to a request from the European Medicines Agency Pharmacovigilance Risk Assessment Committee,[@b9-copd-12-1071] a further individual patient-level pooled analysis was conducted using available interventional studies in patients with COPD to compare the risk of pneumonia between budesonide-containing and non-budesonide-containing treatments. The analysis also aimed to address the extent to which any effect of budesonide on pneumonia risk is modified by other clinically relevant factors.

Methods
=======

Study selection
---------------

This individual, patient-level, pooled analysis included all AstraZeneca-sponsored parallel-group, double-blind, randomized controlled trials of budesonide-containing treatments conducted before May 29, 2015 that met the following criteria: 1) \>8 weeks' duration, 2) ≥60 patients with COPD, 3) an inhaled budesonide treatment arm (ie, budesonide \[Pulmicort, AstraZeneca\] or budesonide/formoterol \[Symbicort, AstraZeneca\]), and 4) a non-budesonide-containing comparator treatment arm (ie, formoterol or placebo). Because this paper reports a pooled analysis of previous clinical trials ethical approval was obtained in the context of each trial, but not for this study.

End points and assessments
--------------------------

The primary outcome variable was time to first pneumonia treatment-emergent serious adverse event (TESAE) during the follow-up period; a 'serious' pneumonia event was one meeting the regulatory definition of an SAE,[@b10-copd-12-1071] including hospital admission. Time to first TESAE was defined as time in days from date of first dose of randomized treatment to date of first pneumonia TESAE, or censored on the date of last dose of randomized treatment +14 days for patients who did not experience a pneumonia TESAE. Exposure was defined as time from date of first dose of randomized treatment to date of last dose of randomized treatment. Secondary outcome variables evaluated the time to first pneumonia treatment-emergent adverse event (TEAE), defined similarly to the primary outcome variable, and the total number of pneumonia TESAEs and TEAEs occurring during the follow-up period (defined as for the primary outcome variable).

In addition to the treatment comparisons for the effect of budesonide, the study also assessed whether other clinically relevant factors (such as lung function, smoking status, age, body mass index \[BMI\], and gender) modified the effect of budesonide-containing treatments on the risk of pneumonia TESAEs and TEAEs in COPD patients. The direct effect of these other clinically relevant factors on the risk of pneumonia TESAEs and TEAEs in COPD patients was also assessed (not reported here).

Pneumonia events were identified based on the AEs and SAEs reported by the investigator, using the MedDRA (version 18.0, IFPMA, Geneva, Switzerland) preferred terms considered relevant for community-acquired pneumonias associated with ICS use ([Table S1](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf)). Pneumonia events were reported, and data were handled in accordance with the clinical practice and clinical trial methodology current at the time of each study. Viral or fungal pneumonias were excluded, as they are not considered to be typical community-acquired pneumonias relevant for this assessment.

Statistical analysis
--------------------

All analyses were based on the safety analysis set, defined as all patients who were randomized and received at least one dose of study treatment. All analyses were conducted according to actual, rather than randomized, treatment. Data from all identified studies were pooled into a single database. For time to first TESAE and TEAE, Cox regression models stratified by study were used, allowing for a varying baseline hazard across studies.

The primary comparison for both TESAEs and TEAEs was budesonide-containing versus non-budesonide-containing treatments. For the relevant subset of studies in each case, the following secondary treatment comparisons were also made: A: budesonide + formoterol versus formoterolB: budesonide + formoterol versus placeboA + B: budesonide + formoterol versus non-budesonide-containingC: budesonide versus placebo.

Relevant treatment arms were combined for the purposes of the primary and secondary treatment comparisons, with separate models used to obtain the secondary comparisons.

The assumption of proportional hazards was assessed for each of the primary and secondary comparisons using time-dependent covariates, by adding a treatment by log~e~(time) interaction term to each model. For the primary comparison, the effect of treatment on the risk of a TESAE over time was also assessed using a piecewise Cox model. For this analysis, the time period was partitioned into 0--\<3, 3--\<6, 6--12, and ≥12 months.

Comparisons of treatment arms within each study are also reported and were obtained using study-specific Cox regression models. As a sensitivity analysis, primary, secondary, and study-specific comparisons were repeated using models adjusted for all of the risk factors considered.

Heterogeneity in the forest plots of the treatment effect was assessed qualitatively by grouping studies by treatment comparison, with separate grouping for budesonide-containing treatment dose, study treatment duration, and budesonide-containing treatment device. In a post hoc analysis, quantitative evidence of statistical heterogeneity was assessed by adding a treatment-by-stratum interaction term to each model and using a likelihood ratio test to compare the fit of respective models.[@b11-copd-12-1071] Furthermore, the primary and secondary comparisons were reanalyzed using two-stage fixed effect meta-analysis in order to obtain *I*^2^ statistics and corresponding 95% CIs.[@b12-copd-12-1071]

Interaction effects were used to explore the extent to which the effect of the primary comparison of budesonide-containing versus non-budesonide-containing treatment was consistent across subgroups of the pooled dataset based on lung function (postbronchodilator \[BD\] forced expiratory volume in one second \[FEV~1~\] % predicted normal \[PN\]), smoking status, age, BMI, and gender. For each factor, a Cox model was fit to the pooled data with the addition of the treatment and study as main effects and a treatment-by-factor interaction term. To assess the effect of each of the risk factors on TESAE and TEAE risk, each factor was included, in turn, in a Cox model adjusted for treatment and study as main effects. As a sensitivity analysis, a single model including all factors simultaneously was used to obtain adjusted factor effects, again with additional adjustment for study and treatment as main effects.

All statistical tests were two-sided, and parameter estimates were presented with accompanying 95% Wald-type CIs and illustrated using forest plots. *P*-values \<0.05 were considered to be statistically significant, with the exception of interaction effects and heterogeneity tests, for which *P*\<0.10 was considered to be statistically significant. No corrections were made for multiple comparisons.

### Post hoc sensitivity analysis

Post hoc sensitivity analyses of primary, secondary, and study-specific treatment comparisons were performed to first exclude patients with post-BD FEV~1~ ≥80% PN and then those with ≥70% to exclude patients who were unlikely to be treated with ICS according to current treatment guidelines.[@b1-copd-12-1071] In a separate post hoc sensitivity analysis, patients treated in centers in Denmark were excluded due to increased reporting of pneumonia as a nonserious AE, but not as a SAE in Denmark, as reported in the 2009 meta-analysis performed by Sin et al.[@b13-copd-12-1071]

Results
=======

Studies
-------

Of the 43 potentially relevant studies identified in the database of AstraZeneca studies, 11 met the eligibility criteria for the pooled analysis. Studies were excluded due to lack of a relevant comparison (n=11), crossover design (n=7), duration ≤8 weeks (n=7), fewer than 60 total patients (n=5), or open label design (n=2). The studies in the analysis included patients treated with budesonide/formoterol, budesonide, formoterol, or placebo at a range of different doses ([Table 1](#t1-copd-12-1071){ref-type="table"}).[@b14-copd-12-1071]--[@b24-copd-12-1071] The detailed methodology of these studies has been published elsewhere, with a brief summary provided in [Table 1](#t1-copd-12-1071){ref-type="table"}. The daily delivered dose of inhaled budesonide in these studies ranged from 320 to 1,280 μg, with 640 μg being the most common daily delivered dose. The duration of studies ranged from 3 to 12 months in studies of budesonide/formoterol, and 6--48 months in studies of budesonide.

Patients
--------

The eleven studies included 10,574 randomized patients, of whom 10,570 received at least one dose of the study treatment and were included in the safety analysis set (budesonide-containing treatments, n=5,750; non-budesonide-containing treatments, n=4,820). The total exposure for the primary treatment comparison was 5,127 patient-years for the budesonide-containing treatments and 4,327 patient-years for the non-budesonide-containing treatments. There was around 10% additional average exposure per patient in the budesonide and budesonide/formoterol arms compared with the placebo arms (budesonide versus placebo, seven studies, median 9%, range 1%--16%; budesonide + formoterol versus placebo, five studies, median 12%, range 0%--18%).

The baseline patient characteristics of the included patients are shown in [Table 2](#t2-copd-12-1071){ref-type="table"}. In general, the age, smoking history, and lung function profiles of the patients included in the analysis were consistent with a population of patients with COPD. In two of the early budesonide studies,[@b17-copd-12-1071],[@b22-copd-12-1071] more than half of patients had post-BD FEV~1~ \>80% PN, indicating a milder patient population. In contrast, all of the other studies included less than 1% of patients with post-BD FEV~1~ \>80% PN. These two studies also included a greater proportion of patients under the age of 55 (55.3%[@b17-copd-12-1071] and 26.2%[@b22-copd-12-1071]), with the latter study including no patients over the age of 75. In all of the other studies, \<20% of subjects were under the age of 55. Two studies[@b17-copd-12-1071],[@b24-copd-12-1071] included only current smokers, and another study[@b22-copd-12-1071] included predominantly current smokers (76.2%); other studies included between 34% and 44% of current smokers. Thus, the designs of the included studies and the patient characteristics show some heterogeneity.

### Primary outcome variable: time to first pneumonia TESAE

Overall, the results of this pooled analysis demonstrated no statistically significant increase in the risk of pneumonia TESAEs with the use of inhaled budesonide-containing treatments in patients with COPD, compared with non-budesonide-containing treatments ([Figure 1](#f1-copd-12-1071){ref-type="fig"}). The overall pooled hazard ratio (HR), comparing all patients receiving budesonide-containing treatments (with or without formoterol) with all patients receiving non-budesonide-containing treatments (placebo or formoterol), was 1.15 (95% CI: 0.83, 1.57) for pneumonia TESAEs. Descriptive statistics for pneumonia TESAEs and TEAEs in the pooled analysis by treatment are shown in [Table 3](#t3-copd-12-1071){ref-type="table"} (primary treatment comparison) and [Table S2](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf) (secondary treatment comparisons). The incidence rates of pneumonia TESAEs with budesonide-containing treatments and non-budesonide-containing treatments were 1.9% and 1.5% per year, respectively.

The pooled HR for budesonide/formoterol-containing treatments versus non-budesonide-containing treatments was 1.00 (95% CI: 0.69, 1.44). The pooled HR for the comparison of budesonide alone with placebo was 1.57 (95% CI: 0.90, 2.74), but did not reach statistical significance despite being numerically larger than the overall estimate and the other subcomparison estimates. The incidence rate of pneumonia TESAEs was 1.2% per year on budesonide and 0.8% per year on placebo ([Table S2](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf)). There was no statistical evidence of heterogeneity for TESAEs (*P*\>0.20); the associated *I*^2^ statistics for all comparisons were 0%, with high upper confidence limits (\>71%).

A total of nine fatal pneumonia TESAEs were observed in the 10,570 patients included in the safety analysis; six in the budesonide-containing treatment arms and three in the non-budesonide-containing treatment arms.

### Secondary outcome variable: time to first pneumonia TEAE

The pattern of results observed was generally similar to the primary endpoint. Overall, no statistical difference was observed in the risk for pneumonia TEAEs between patients receiving budesonide-containing and non-budesonide-containing treatments (pooled HR: 1.13; 95% CI: 0.94, 1.36; [Figure 2](#f2-copd-12-1071){ref-type="fig"}). The incidence rates of pneumonia TEAEs with budesonide-containing treatments and non-budesonide-containing treatments were similar (5.2% and 4.6% per year, respectively).

The pooled HR for pneumonia TEAEs for the budesonide/formoterol-containing treatments versus the non-budesonide-containing treatments was 1.21 (95% CI: 0.93, 1.57). As seen with the pneumonia TESAEs, the risk of experiencing a pneumonia TEAE was lower on budesonide/formoterol treatment versus placebo (HR: 0.93; 95% CI: 0.64, 1.34), although the result was not statistically significant. A statistically significant increase was observed in the risk of pneumonia TEAEs on comparing budesonide/formoterol with formoterol (HR: 1.40; 95% CI: 1.02, 1.93). The pooled HR for pneumonia TEAEs for budesonide alone versus placebo was not statistically significant (HR: 1.07; 95% CI: 0.83, 1.38). There was some evidence of statistical heterogeneity for budesonide-containing versus non-budesonide-containing treatments and budesonide versus placebo (Likelihood Ratio Tests, *P*=0.08 and 0.07 respectively), in which Pauwels et al's study (Study 04-3002)[@b17-copd-12-1071] was particularly influential; but not for the other comparisons (*P*\>0.20). As for TESAEs, the associated *I*^2^ statistics for all comparisons were 0%, with high upper confidence limits (\>74%).

### Effect of dose, treatment duration, and treatment device on pneumonia TESAEs and TEAEs

The most common daily delivered dose for budesonide/formoterol was 640/18 μg; however, a lower daily delivered dose of 320/18 μg budesonide/formoterol was also investigated in three studies.[@b18-copd-12-1071],[@b19-copd-12-1071],[@b21-copd-12-1071] For budesonide, the most commonly daily delivered dose was 640 μg; higher daily delivered doses of 1,280 μg for 12 months[@b14-copd-12-1071] and 960 μg for 6 months followed by 1,280 μg for 30 months[@b22-copd-12-1071] were also assessed.

In two pools of studies, a statistically significant increase was observed in the risk of pneumonia (budesonide 640 μg versus placebo for TESAEs and budesonide/formoterol 640/18 μg versus formoterol 18 μg for TEAEs). However, there was no consistent dose-related effect across or within studies ([Table S3](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf)).

Similarly for study duration, although the risk of pneumonia was observed to increase significantly for TESAEs for the pool of budesonide versus placebo greater than 12-month studies, and for TEAEs for the pool of budesonide/formoterol versus formoterol 12-month studies, no consistent effect of treatment duration was observed across the studies ([Table S4](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf)). There was no evidence of the treatment effect increasing or decreasing over time for the primary comparison of budesonide-containing versus non-budesonide-containing treatments (time dependent covariate, *P*=0.60). Using a piecewise Cox model, the point estimates for the HRs fluctuated over time (HRs of 0.94, 1.13, 0.54, and 2.13 for 0--\<3, 3--\<6, 6--12, and ≥12 months, respectively); there was no statistically significant evidence of increased risk of a TESAE for budesonide-containing versus non-budesonide-containing treatment in any time interval.

There was no obvious effect of the device used for budesonide treatment on the risk of pneumonia TESAEs or TEAEs ([Table S5](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf)).

Effect of budesonide on the risk for pneumonia TESAEs and TEAEs in subgroups
----------------------------------------------------------------------------

The HRs for pneumonia TESAEs ([Figure 3](#f3-copd-12-1071){ref-type="fig"}) and TEAEs ([Figure 4](#f4-copd-12-1071){ref-type="fig"}) with budesonide-containing versus non-budesonide-containing treatments were estimated for subgroups using treatment-by-factor interactions for lung function (post-BD FEV~1~ at baseline), gender, age, smoking status, and BMI. There was statistical evidence of a differential treatment effect for budesonide-containing treatments versus non-budesonide-containing treatments on the risk of pneumonia TESAEs and TEAEs across age groups (treatment-by-factor interaction: *P*=0.07 and 0.007, respectively) and in TESAE risk by gender (treatment-by-factor interaction: *P*=0.08). A statistically significant increased risk of pneumonia TESAEs and TEAEs with budesonide was observed in patients aged \<55 years. An increased risk of pneumonia TESAEs was seen in males with budesonide, whereas in females the trend was reversed, although the treatment effect was not statistically significant for either sex. A similar pattern of effects was observed for pneumonia TEAEs, although the interaction effect was not statistically significant (treatment-by-factor interaction: *P*=0.12). There was no evidence of a differential treatment effect on the risk of pneumonia across subgroups based on lung function, smoking status, or BMI at study entry.

Effect of risk factors on the risk for pneumonia TESAEs and TEAEs
-----------------------------------------------------------------

The effects of risk factors on TESAE and TEAE risk are shown in [Figures S1](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf) and [S2](https://www.dovepress.com/get_supplementary_file.php?f=128358.pdf) respectively. Increased age and lower post-BD FEV~1~ were associated with increased TESAE risk, while current smokers displayed a lower TESAE risk compared with not-current smokers (HR: 0.63; 95% CI: 0.44, 0.92). However, the effect of smoking was not statistically significant when the Cox model was extended to adjust for all factors simultaneously (data not shown). Increased age and lower post-BD FEV~1~ were also associated with increased TEAE risk, and a trend for increased TEAE risk in females compared with males was observed (HR: 1.20; 95% CI: 0.99, 1.45). The impact of gender persisted when the Cox model was extended to adjust for all factors (HR: 1.28; 95% CI: 1.05, 1.56). It should be noted that there were generally insufficient events within the risk factor categories within each study to usefully assess study-level risk factor effects.

### Post hoc sensitivity analysis

In post hoc sensitivity analyses, excluding patients with post-BD FEV~1~ ≥80% PN or with post-BD FEV~1~ ≥70% PN, did not meaningfully affect the conclusions from the primary and secondary analyses. The removal of these patients resulted in a slightly reduced HR estimate for the primary treatment comparisons, but did not in general substantially affect the HR estimates. Of note, the HR for pneumonia TESAEs for budesonide versus placebo reduced from 1.57 (95% CI: 0.90, 2.74) when patients with post-BD FEV~1~ ≥70% PN were included to 1.37 (95% CI: 0.77, 2.46) when these patients were excluded.

In a separate post hoc sensitivity analysis for the comparison of budesonide-containing versus non-budesonide-containing treatments, the HRs for pneumonia TESAEs remained very similar when patients from Danish centers were excluded, except for the budesonide versus placebo comparison where the HR decreased from 1.57 (95% CI: 0.90, 2.74) when patients from Danish centers were included to HR 1.14 (95% CI: 0.60, 2.18) when they were excluded. For pneumonia TEAEs the HRs were also similar, except for the budesonide versus placebo comparison, where the HR increased from 1.07 (95% CI: 0.83, 1.38) when patients from Danish centers were included to 1.50 (95% CI: 0.93, 2.45) when they were excluded. The incidence rate of pneumonia TEAEs was 4.8% per year on budesonide and 4.4% per year on placebo when patients from Danish centers were included, and 2.2% per year and 1.5% per year when they were excluded.

Discussion
==========

This pooled individual patient-level analysis found no statistically significant increase in the overall risk of either pneumonia TESAEs or TEAEs in 10,570 patients with COPD receiving budesonide-containing compared with non-budesonide-containing treatments. The incidence rates of pneumonia AEs with budesonide- and non-budesonide-containing treatments were similar (1.9% and 1.5% per year, respectively, for pneumonia TESAEs, and 5.2% and 4.6% per year, respectively, for pneumonia TEAEs).

Across the comparisons studied, the estimated HR for pneumonia TESAEs was numerically highest for budesonide versus placebo. This may be a random finding, due to the low number of patients experiencing an event, or may be driven by the greater heterogeneity in the patient populations in the early budesonide studies. Some of these early studies included only, or primarily, current smokers, and there was a general pattern of younger patients with milder COPD. In addition, all studies from the later budesonide/formoterol clinical development program required patients to have experienced a COPD exacerbation within the previous 12 months, whereas none of the studies from the earlier budesonide clinical development program had this criterion. Hence, the budesonide studies included patients who would not be treated with ICS according to current treatment guidelines.[@b1-copd-12-1071] The incidence rate of pneumonia TESAEs was considerably lower in these patients, at 1.2% per year on budesonide and 0.8% per year on placebo.

When the current pooled data were analyzed with respect to dose and duration, while there were statistically significant increases in the risk of pneumonia events in some dose and duration categories, no consistent trend across dose or duration was observed across or within studies. However, there were no within-study comparisons of different dose levels, and only a narrow dose range of budesonide was available in these pooled studies; a limitation which applies to the majority of research assessing the effect of inhaled corticosteroid dose on pneumonia risk. In a nested case--control analysis of a new-user cohort of 163,514 COPD patients within Quebec health insurance databases, an increase in the risk of serious pneumonia (either requiring hospitalization or fatal) was dose-dependent with fluticasone but not with budesonide.[@b6-copd-12-1071] Analyses of the effect of risk factors, dose, and treatment duration are based largely on cross-study comparisons where these factors cannot be easily disentangled. Hence, no strong conclusions can be drawn on whether dose, treatment duration, or the risk factors analyzed have any impact on the risk of pneumonia, or the impact of budesonide on any risk of pneumonia. We are not aware of any precedent or obvious biological explanations for the observations of increased impact of budesonide on the risk of pneumonia in subgroups of male COPD patients or those under 55 years old. It is notable that there were only four pneumonia TESAEs in patients under 55 years old in the current non-budesonide-containing treatment pool.

As might be expected, the results of the current pooled analysis are similar to the previously published and subsequently updated pooled analysis of eight AstraZeneca trials by Sin et al.[@b25-copd-12-1071] They compared 4,616 COPD patients who received inhaled budesonide (alone or in a fixed combination with formoterol) with 3,644 who received non-budesonide control treatment and found the occurrence of pneumonia, both as an AE and an SAE, to be similar across treatment groups.[@b8-copd-12-1071],[@b25-copd-12-1071] Key differences in the current pooled analysis are that pneumonia events were not censored at 12 months, a wider range of pneumonia preferred terms was included, and three additional studies were included.[@b16-copd-12-1071],[@b23-copd-12-1071],[@b24-copd-12-1071]

The most up to date and comprehensive published study-level meta-analysis considering the risk of pneumonia with inhaled corticosteroids is the Cochrane review by Kew and Seniukovich.[@b8-copd-12-1071] They examined the risk of pneumonia in patients with COPD treated with inhaled fluticasone or budesonide in randomized controlled studies of at least 12 weeks duration. Seventeen budesonide studies were identified, seven of which had data available for nonfatal pneumonia SAEs, for which a statistically significant increase was seen with inhaled budesonide versus controls (OR: 1.62; 95% CI: 1.00--2.62). The current pooled analysis includes one study[@b23-copd-12-1071] that is not included in Kew and Seniukovich, although it would appear to meet their inclusion criteria. Of the seven budesonide studies included in Kew and Seniukovich but not in the current pooled analysis, six of the studies[@b26-copd-12-1071]--[@b31-copd-12-1071] included 50 patients or fewer and provided no pneumonia information for the analysis by Kew and Seniukovich. The remaining study was sponsored by Chiesi,[@b32-copd-12-1071] and so individual patient level data were not available for our analyses. While the Kew and Seniukovich meta-analysis is rigorous in its statistical methodology, it is limited by the safety information available in study publications that provide the source data. Their analysis included 80 nonfatal pneumonia SAEs and one death due to pneumonia for inhaled budesonide versus controls, with the majority of the data including only the preferred term "pneumonia". In contrast, the pooled analysis presented here includes 163 pneumonia TESAEs, including a range of relevant preferred terms. Recent developments in clinical trial transparency should provide more consistent access to study and patient-level AE data for future pooled analyses.[@b33-copd-12-1071]

To our knowledge, this is the largest pooled analysis evaluating the risk of pneumonia at an individual level in patients with COPD receiving inhaled budesonide treatment. Studies from two separate clinical programs were included, spanning 22 years. Another key strength of this analysis is the primary focus on serious pneumonia AEs, which are medically more important, as well as having a less ambiguous diagnosis than nonserious pneumonia AEs. Furthermore, the use of individual patient-level data allows a consistent definition of pneumonia to be applied using a prespecified list of preferred terms. Finally, the use of a time-to-event analysis provides adjustment for the reduced exposure that is typically seen in the placebo arms of these studies due to differential withdrawal rates. However, there are some limitations with the analysis. These include the presence of substantial heterogeneity in study design in identifying pneumonia events and in patient characteristics within and across the 11 studies, and the low number of pneumonia TESAEs per study (\<40; median: 12). The studies included in this analysis were not specifically designed to assess the risk of pneumonia events, which were identified based upon preferred terms from AE reporting rather than a uniform definition involving radio-logic or bacteriologic confirmation. It should be noted that none of the trials included in this pooled analysis required a chest radiograph of patients who potentially had pneumonia. Intercountry and interregion differences may also be present. Previous studies[@b13-copd-12-1071],[@b34-copd-12-1071],[@b35-copd-12-1071] have reported a higher incidence of pneumonia AEs in Denmark compared with other countries, with no difference in pneumonia SAEs, probably due to lack of specificity in reporting in the local language. Of the 11 studies included in the pooled analysis, two[@b22-copd-12-1071],[@b24-copd-12-1071] were conducted in Denmark, and Danish centers were included in three other studies.[@b17-copd-12-1071],[@b18-copd-12-1071],[@b20-copd-12-1071] Reliability of the risk factor analyses could be another limitation. Several of the risk factors were very highly correlated; for example, high proportions of patients aged \<55 years were current smokers, and not all risk factor categories were present in each study. There were too few events per stratum to undertake a meta-analysis of the covariate and interaction effects across studies; hence, it is possible that pooling studies could create spurious relationships between risk factors and outcomes. Finally, given the large number of comparisons made in this analysis, there is an increased risk of false-positive findings.

There is considerable debate around whether the risk of pneumonia varies between the different ICSs used for COPD treatment, with budesonide generally demonstrating reduced risk compared with fluticasone.[@b6-copd-12-1071],[@b36-copd-12-1071],[@b37-copd-12-1071] While this is beyond the scope of this study, it has been hypothesized that this difference in risk may be attributed to the pharmacokinetic and pharmacodynamic properties (related to differences in lipophilicity/hydrophilicity) of the different ICSs.[@b38-copd-12-1071]--[@b40-copd-12-1071] It has been postulated that while the immunomodulatory effects of ICSs have been demonstrated to reduce exacerbations in patients with COPD,[@b41-copd-12-1071] they also increase the pneumonia risk, and the increased immunosuppressant activity of fluticasone may result in a greater risk.[@b42-copd-12-1071],[@b43-copd-12-1071]

Conclusion
==========

The results of this pooled analysis found no statistically significant increase in overall risk in either pneumonia TESAEs or TEAEs with budesonide-containing versus non-budesonide-containing treatments. However, a small increase in risk with budesonide-containing treatment cannot be ruled out. While health care professionals and patients with COPD should be aware of the potential increased risk of pneumonia with ICS-containing therapy, this finding needs to be put in context of the full benefits and risks. Indeed European authorities have stated that overall the benefits of ICS medicines in treating COPD continue to outweigh their risks, and so there should be no change to the way in which these medicines are used.[@b44-copd-12-1071]
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![(**A**--**C**) Forest plot of hazard ratios for the effect of budesonide on pneumonia TESAEs.\
**Notes:** Vestbo (1999)[@b22-copd-12-1071] was excluded from the analysis of TESAEs due to an insufficient number of events (0/145 on budesonide and 1/145 on placebo). ^a^Without duplication of shared arms.\
**Abbreviations:** CI, confidence interval; TESAE, treatment-emergent serious adverse event.](copd-12-1071Fig1){#f1-copd-12-1071}

![(**A**--**C**) Forest plot of hazard ratios for the effect of budesonide on pneumonia TEAEs.\
**Note:** ^a^Without duplication of shared arms.\
**Abbreviations:** CI, confidence interval; TEAE, treatment-emergent adverse event.](copd-12-1071Fig2){#f2-copd-12-1071}

![Forest plot of hazard ratios for the effect of budesonide on pneumonia TESAEs in risk factor subgroups.\
**Abbreviations:** BD, bronchodilator; BMI, body mass index; CI, confidence interval; FEV~1~, forced expiratory volume in one second; PN, predicted normal; TESAE, treatment-emergent serious adverse event.](copd-12-1071Fig3){#f3-copd-12-1071}

![Forest plot of hazard ratios for the effect of budesonide on pneumonia TEAEs in risk factor subgroups.\
**Abbreviations:** BD, bronchodilator; BMI, body mass index; CI, confidence interval; FEV~1~, forced expiratory volume in one second; PN, predicted normal; TEAE, treatment-emergent adverse event.](copd-12-1071Fig4){#f4-copd-12-1071}

###### 

Interventional double-blind, parallel-group, randomized inhaled budesonide studies included in the pooled analysis

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                    N       Overall mean age (years)   Study duration (months)   LSLV   Budesonide treatment                                                        Comparator treatment(s)                              Key inclusion criteria
  ---------------------------------------- ------- -------------------------- ------------------------- ------ --------------------------------------------------------------------------- ---------------------------------------------------- -----------------------------------------------------------------------------------------------
  Bourbeau et al[@b14-copd-12-1071]\       79      65.4                       12                        1992   Pulmicort TBH 800 μg bd (N=39)                                              Placebo (N=40)                                       Age ≥40 years\
  Study code: 04-2268                                                                                                                                                                                                                           FEV~1~ \<65%\
                                                                                                                                                                                                                                                FEV~1~/FVC \<65%\
                                                                                                                                                                                                                                                Smoker or ex-smoker

  Calverley et al[@b15-copd-12-1071]\      1,022   64.0                       12                        2002   Symbicort TBH 160/4.5 μg ×2 bd (N=254)\                                     Oxis (formoterol) TBH 4.5 μg ×2 bd (N=255)\          Age ≥40 years; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: SD-039-0670                                                                                      Pulmicort TBH 200 μg ×2 bd (N=257)                                          Placebo bd (N=256)                                   Smoker or ex-smoker with 10 pack-yr history; ≥1 exacerbation within 2--12 months before study

  Fukuchi et al[@b16-copd-12-1071]\        1,293   65\. 0                     3                         2011   Symbicort TBH 160/4.5 μg ×2 bd (N=636)                                      Oxis (formoterol) TBH 4.5 μg ×2 bd (N=657)           Age ≥40 years\
  Study code: D589DC00007\                                                                                                                                                                                                                      COPD diagnosis pre-bronch FEV~1~ ≤50% and post-bronch FEV~1~/FVC \<70%\
  NCT01069289                                                                                                                                                                                                                                   Smoker or ex-smoker with 10 pack-yr history 1 exacerbation within 1--12 months before study

  Pauwels et al[@b17-copd-12-1071]\        1,275   52.6                       36                        1997   Pulmicort TBH 400 μg bd (N=593)                                             Placebo (N=582)                                      Age 30--64 years\
  Study code: 04-3002                                                                                                                                                                                                                           FEV~1~/FVC \<70%\
                                                                                                                                                                                                                                                Smoker with ≥10 yrs or 5 pack-yrs

  Rennard et al[@b18-copd-12-1071]\        1,964   63.2                       12                        2007   Symbicort pMDI 2×160/4.5 μg bd (N=494)\                                     Oxis (formoterol) TBH 4.5 μg ×2 bd (N=495)\          Age ≥40; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: D5899C00001\                                                                                     Symbicort pMDI 2×80/4.5 μg bd (N=494)                                       Placebo ×2 bd (N=481)                                Smoker or ex-smoker with 10 pack-yr history; ≥1 exacerbation within 1--12 months before study
  NCT00206167                                                                                                                                                                                                                                   

  Shaker et al[@b24-copd-12-1071]\         254     63.6                       24--48                    2004   Pulmicort TBH 400 μg bd (N=127)                                             Placebo (N=127)                                      Age ≥50 years\
  Study code: AD004-0001\                                                                                                                                                                                                                       FEV~1~ 35%--70%\
  NCT00232674                                                                                                                                                                                                                                   FEV~1~/FVC \<60%\
                                                                                                                                                                                                                                                Smoker

  Sharafkhaneh et al[@b19-copd-12-1071]\   1,218   63.0                       12                        2009   Symbicort pMDI 160/4.5 μg ×2 bd (N=407)\                                    Oxis (formoterol) TBH 4.5 μg ×2 bd (N=403)           Age ≥40 years; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: D589CC00003\                                                                                     Symbicort pMDI 80/4.5 μg ×2 bd (N=408)                                                                                           Smoker or ex-smoker with 10 pack-yr history; ≥1 exacerbation within 1--12 months before study
  NCT00419744                                                                                                                                                                                                                                   

  Szafranski et al[@b20-copd-12-1071]\     812     64.2                       12                        2001   Symbicort TBH 160/4.5 μg ×2 bd (N=208)\                                     Oxis (formoterol) TBH 4.5 μg ×2 bd (N=201)\          Age ≥40 years; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: SD-039-0629                                                                                      Pulmicort TBH 200 ×2 μg bd (N=198)                                          Placebo bd (N=205)                                   Smoker or ex-smoker with 10 pack-yr history ≥1 exacerbation within 2--12 months before study

  Tashkin et al[@b21-copd-12-1071]\        1,704   63.4                       6                         2006   Symbicort pMDI 160/4.5 μg ×2 bd (N=277)\                                    Oxis (formoterol) TBH 4.5 μg ×2 bd (N=284)\          Age ≥40 years; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: D5899C00002\                                                                                     Symbicort pMDI 380/4.5 μg ×2 bd (N=281)\                                    Placebo ×2 bd (N=300)                                Smoker or ex-smoker with 10 pack-yr history; ≥1 exacerbation within 1--12 months before study
  NCT00206154                                                                                                  Budesonide pMDI 160 μg ×2 bd (N=275)\                                                                                            
                                                                                                               Budesonide pMDI 160 μg ×2 bd + Oxis (formoterol) TBH 4.5 μg ×2 bd (N=287)                                                        

  Vestbo et al[@b22-copd-12-1071]\         290     59.1                       6+30                      1998   Pulmicort TBH 800+400 μg for 6 mos, then 400 ug bd for 30 mos (N=145)       Placebo (N=145)                                      Age 30--70 years\
  Study code: 04-7201                                                                                                                                                                                                                           FEV~1~/FVC ≤70%\
                                                                                                                                                                                                                                                Smoker or ex-smoker

  Welte et al[@b23-copd-12-1071]\          659     62.4                       3                         2008   Symbicort TBH 320/9 μg bd + Spiriva (tiotropium) 18 μg od (N=329)           Placebo bd + Spiriva (tiotropium) 18 μg od (N=330)   Age ≥40 years; COPD diagnosis pre-bronch FEV~1~ \<50% and FEV~1~/FVC \<70%\
  Study code: D5892C00015\                                                                                                                                                                                                                      Smoker or ex-smoker with 10 pack-yr history; ≥1 exacerbation within 1--12 months before study
  NCT00496470                                                                                                                                                                                                                                   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** bd, twice-daily; BUD, budesonide; FEV~1~, forced expiratory volume in 1 second; FORM, formoterol; FVC, forced vital capacity; LSLV, last subject last visit; MDI, metered dose inhaler; mos, months; PBO, placebo; TBH, Turbohaler^®^/Turbuhaler^®^; yr, year.

###### 

Baseline characteristics of patients in the safety analysis sets in studies included in the pooled dataset

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                             Bourbeau et al[@b14-copd-12-1071]   Calverley et al[@b15-copd-12-1071]   Fukuchi et al[@b16-copd-12-1071]   Pauwels et al[@b17-copd-12-1071]   Rennard et al[@b18-copd-12-1071]   Shaker et al[@b24-copd-12-1071]   Sharafkhaneh et al[@b19-copd-12-1071]   Szafranski et al[@b20-copd-12-1071]   Tashkin et al[@b21-copd-12-1071]   Vestbo et al[@b22-copd-12-1071]   Welte et al[@b23-copd-12-1071]
  ------------------------------------------------- ----------------------------------- ------------------------------------ ---------------------------------- ---------------------------------- ---------------------------------- --------------------------------- --------------------------------------- ------------------------------------- ---------------------------------- --------------------------------- --------------------------------
  Study code                                        04-2268                             SD-039-0670                          D589DC00007\                       04-3002                            D5899C00001\                       AD004-0001\                       D589CC00003\                            SD-039-0629                           D5899C00002\                       04-7201                           D5892C00015\
                                                                                                                             NCT01069289                                                           NCT00206167                        NCT00232674                       NCT00419744                                                                   NCT00206154                                                          NCT00496470

  N                                                 79                                  1,022                                1,293                              1,275                              1,964                              254                               1,218                                   812                                   1,704                              290                               659

  Age category (years)                                                                                                                                                                                                                                                                                                                                                                                                     

   \<55                                             5 (6.3)                             178 (17.4)                           181 (14.0)                         705 (55.3)                         357 (18.2)                         35 (13.8)                         232 (19.0)                              128 (15.8)                            290 (17.0)                         76 (26.2)                         130 (19.7)

   ≥55 to \<65                                      32 (40.5)                           320 (31.3)                           429 (33.2)                         563 (44.2)                         726 (37.0)                         107 (42.1)                        442 (36.3)                              256 (31.5)                            619 (36.3)                         112 (38.6)                        253 (38.4)

   ≥65 to \<75                                      33 (41.8)                           415 (40.6)                           473 (36.6)                         7 (0.5)                            661 (33.7)                         92 (36.2)                         405 (33.3)                              330 (40.6)                            592 (34.7)                         102 (35.2)                        218 (33.1)

   ≥75                                              9 (11.4)                            109 (10.7)                           210 (16.2)                         0                                  220 (11.2)                         20 (7.9)                          139 (11.4)                              98 (12.1)                             203 (11.9)                         0                                 58 (8.8)

  Post-bronchodilator FEV~1~% of predicted normal                                                                                                                                                                                                                                                                                                                                                                          

    ≥80                                             0                                   1 (0.1)                              0                                  682 (53.5)                         12 (0.6)                           0                                 2 (0.2)                                 3 (0.4)                               8 (0.5)                            159 (54.8)                        4 (0.6)

    ≥50 to \<80                                     27 (34.2)                           271 (26.5)                           236 (18.3)                         585 (45.9)                         581 (29.6)                         150 (59.1)                        307 (25.2)                              181 (22.3)                            507 (29.8)                         107 (36.9)                        160 (24.3)

    ≥30 to \<50                                     38 (48.1)                           567 (55.5)                           817 (63.2)                         7 (0.5)                            1,065 (54.2)                       103 (40.6)                        626 (51.4)                              492 (60.6)                            926 (54.3)                         24 (8.3)                          420 (63.7)

   \<30                                             14 (17.7)                           180 (17.6)                           239 (18.5)                         0                                  303 (15.4)                         0                                 261 (21.4)                              129 (15.9)                            260 (15.3)                         0                                 74 (11.2)

  Gender                                                                                                                                                                                                                                                                                                                                                                                                                   

   Male                                             62 (78.5)                           770 (75.3)                           1,150 (88.9)                       929 (72.9)                         1,255 (63.9)                       148 (58.3)                        755 (62.0)                              641 (78.9)                            1,161 (68.1)                       175 (60.3)                        495 (75.1)

   Female                                           17 (21.5)                           252 (24.7)                           143 (11.1)                         346 (27.1)                         709 (36.1)                         106 (41.7)                        463 (38.0)                              171 (21.1)                            543 (31.9)                         115 (39.7)                        164 (24.9)

  Smoking history                                                                                                                                                                                                                                                                                                                                                                                                          

   Past                                             48 (60.8)                           669 (65.5)                           852 (65.9)                         0                                  1,130 (57.5)                       0                                 783 (64.3)                              532 (65.5)                            980 (57.5)                         0                                 369 (56.0)

   Current                                          31 (39.2)                           353 (34.5)                           440 (34.0)                         1,275 (100)                        834 (42.5)                         254 (100)                         435 (35.7)                              280 (34.5)                            724 (42.5)                         221 (76.2)                        290 (44.0)

   Never                                            0                                   0                                    1 (0.1)                            0                                  0                                  0                                 0                                       0                                     0                                  10 (3.4)                          0

   Unknown                                          0                                   0                                    0                                  0                                  0                                  0                                 0                                       0                                     0                                  59 (20.3)                         0

  BMI (kg/m^2^)                                                                                                                                                                                                                                                                                                                                                                                                            

   \<18.5                                           9 (11.4)                            101 (9.9)                            234 (18.1)                         28 (2.2)                           89 (4.5)                           19 (7.5)                          72 (5.9)                                59 (7.3)                              81 (4.8)                           5 (1.7)                           24 (3.6)

    ≥18.5 to \<25                                   41 (51.9)                           535 (52.3)                           650 (50.3)                         689 (54.0)                         703 (35.8)                         99 (39.0)                         465 (38.2)                              389 (47.9)                            636 (37.3)                         144 (49.7)                        270 (41.0)

    ≥25 to \<30                                     24 (30.4)                           268 (26.2)                           271 (21.0)                         447 (35.1)                         660 (33.6)                         100 (39.4)                        372 (30.5)                              244 (30.0)                            602 (35.3)                         94 (32.4)                         207 (31.4)

   ≥30                                              5 (6.3)                             117 (11.4)                           138 (10.7)                         107 (8.4)                          512 (26.1)                         36 (14.2)                         306 (25.1)                              120 (14.8)                            385 (22.6)                         47 (16.2)                         155 (23.5)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Frequency (percentage of N).

**Abbreviations:** BMI, body mass index; FEV~1~, forced expiratory volume in one second.

###### 

Pneumonia event comparisons in the pooled analysis

                                                                         Budesonide-containing   Non-budesonide-containing
  ---------------------------------------------------------------------- ----------------------- ---------------------------
  Safety analysis set (N)                                                5,750                   4,820
  Exposure (patient years)[a](#tfn4-copd-12-1071){ref-type="table-fn"}   5,127.2                 4,327.3
  Patients with pneumonia                                                97 (1.69)               66 (1.37)
  TESAEs, n (%)                                                                                  
   Rate/patient year                                                     0.019                   0.015
  Pneumonia TESAEs, n                                                    110                     68
   Rate/patient year                                                     0.021                   0.016
  Patients with pneumonia                                                269 (4.68)              197 (4.09)
  TEAEs, n (%)                                                                                   
   Rate/patient year                                                     0.052                   0.046
  Pneumonia TEAEs, n                                                     383                     268
   Rate/patient year                                                     0.075                   0.062
  Patients with fatal pneumonia, n                                       6                       3

**Notes:**

Exposure is defined as time from date of first dose of randomized treatment to date of last dose of randomized treatment. Incident rates for each treatment group calculated as the number of patients experiencing an event divided by total exposure in years. For event rates, the total number of events was used in the numerator.

**Abbreviations:** TESAE, treatment-emergent serious adverse event; TEAE, treatment-emergent adverse event.
